C A R E I N N O V AT I O N S
N eonatal diabetes mellitus (NDM) is a rare genetic condition with an incidence of 1 in 100,000 (1) that presents before 1 year of age (2) . There are two main clinical forms of NDM: permanent NDM (PNDM), which requires lifelong treatment with insulin, and transient NDM (TNDM), which may spontaneously remit and sometimes recurs in the second to third decade of life. In most cases, TNDM and PNDM cannot be distinguished clinically at the time of diagnosis, and genetic analysis needs to be performed.
The genetic origin for >90% of TNDM cases has been established. In TNDM, 68% of the cases have abnormalities in an imprinted region on chromosome 6q24; 10% have KCNJ11 gene mutations; and 13% have an ABCC8 gene mutation (3) . Multiple genes involved in pancreatic development, β-cell apoptosis, or dysfunction cause PNDM (4) . The most common mutations are in the K ATP channel genes KCNJ11 (30%) and ABCC8 (11%) or the insulin (INS) gene (13%) (3) .
Insulin is acutely required in most infants to establish metabolic control in NDM (5) . Early initiation of sulfonylurea treatment is also recommended (6) as a treatment option in selected cases of NDM caused by ABCC8 and KCNJ11 mutations, and, in responsive cases, sulfonylurea therapy provides better long-term metabolic control (7, 8) and could even improve neurodevelopmental outcomes (9) .
The MiniMed 530G (Medtronic, Inc., Northridge, CA) is a firstgeneration artificial pancreas system approved by the U.S. Food and Drug Administration (FDA) on 26 September 2013 for the management of diabetes in people ≥16 years of age. The system includes an external glucose sensor and insulin pump, transmitter, glucose meter, and therapy management software. Sensor signals are transmitted to the MiniMed 530G insulin pump and converted into glucose values every 5 minutes. Fingerstick blood glucose testing is still required for both device calibration and management decisions. The unique feature of this system is that it can be programmed to automatically suspend delivery of insulin when sensor glucose values fall below a predefined threshold between 60 and 90 mg/dL. The system is not designed to treat hypoglycemia, but rather to detect severe hypoglycemia, alerting the user to immediately check blood glucose to determine appropriate treatment. The ASPIRE (CArfilzomib, Lenalidomide, and DexamethaSone versus Lenalidomide and Dexamethasone for the treatment of PatIents with Relapsed Multiple MyEloma) study showed reduced nocturnal hypoglycemia without significant differences in A1C when using sensor-augmented insulin pump therapy (SAPT) with a thresholdsuspend feature compared to SAPT without threshold suspend (10 Medtronic, Inc., was contacted, and a MiniMed 530G with the Enlite sensor system and supplies were provided to the center to allow for immediate use during the patient's hospital stay. Initial system placement occurred in the PICU 2 days after diagnosis, when the patient was clinically stable and ready to be transitioned to a subcutaneous insulin regimen. The insulin infusion set used was the Medtronic Sure-T 6 mm, inserted into the subcutaneous tissue and recommended for site change every 2 days. Enlite sensors were used to measure glucose values in the interstitial fluid and recommended for site change every 6 days. These sensors are currently approved for use on the abdomen, but the patient's size limited abdominal use, and sensor locations included the outer legs and arms.
Although the patient was sent home with the SAPT system meter, hospital policy required fingerstick glucose values to be obtained using the Nova Biomedical Point-of-Care Connectivity and Xpress Analyzer with StatStrip Xpress glucose strips. These glucose values were also used to provide two to four sensor calibrations daily during inpatient management. Simple but necessary accommodations for pump use in such a small infant included limiting patient access to the pump and tubing to avoid unintentional disconnection.
Some degree of anticipated variability did occur between blood glucose and sensor glucose readings.
However, overall, sensor data provided valuable trend information for dose considerations. Figure 1 provides an overview of daily hospital use of the sensor. As shown, subcutaneous insulin infusion was started initially at a low rate and titrated upward based on both the sensor data and point-of-care fingerstick blood glucose levels.
The patient received only basal insulin during hospitalization with the expectation that use of carbohydrate ratios and correction factors would be started in the outpatient environment after improved assessment of basal needs and insulin sensitivity. She was initially started with a basal rate of 0.025 units/hour, with fingerstick glucose checks every hour. If two readings were >400 mg/dL, the basal rate was titrated up by 0.025 units. High and low alarms were set at 400 and 200 mg/dL, respectively, and the threshold suspend was calibrated at a sensor value of 90 mg/dL. Conservative insulin doses and elevated blood glucose targets between 200 and 400 mg/dL were chosen to avoid hypoglycemia in such a young patient.
In the course of 3 days, using both sensor data and fingerstick glucose checks, the insulin dose was titrated up rapidly to almost eight times the initial dose. Figure 1 illustrates how sensor and fingerstick glucose data 
helped providers rapidly increase the insulin dose during the first day of transition. Fingerstick glucose values were obtained every hour on the first day of transition and every 2 hours on day 2; ultimately, these were decreased to only four times per day and as needed for calibration. Sensor data were checked every hour by the nurses and, if outside the target range, were cross-checked with fingerstick values. The fingerstick readings were used to help determine insulin dose changes. There were no incidences of sensor failure, nor was the low glucose sensor threshold reached at any time during the initial hospitalization. However, the pump was manually suspended once when the sensor value was persistently below the 200 mg/dL target to prevent hypoglycemia. Later, the patient was also provided with multiple daily basal rates to account for decreased feedings between midnight to 6:00 a.m.
Although genetic test results were pending, the patient on hospital day 7 was started on glyburide because some cases of NDM will respond favorably to this treatment (2) . Although glyburide was increased to the maximum recommended dose of 0.8 mg/kg/day and she required a dramatic reduction in her insulin infusion rate, she did not achieve insulin independence. She was discharged with a daily insulin requirement of 0.3 units/kg/day, including basal rates of 0.025 units/ hour from midnight to 6:00 a.m. and 0.1 units/hour from 6:00 a.m. to midnight, for a total of 1.95 units of aspart insulin daily.
Initial diabetes education and instruction in insulin pump therapy and continuous glucose monitoring (CGM) were provided to the nursing staff and family by the diabetes medical team members and certified diabetes educators (CDEs) in several sessions during the hospital stay.
Glyburide was discontinued when the results of the genetic testing returned, and the daily insulin requirement remained ~0.3 units/kg/ day. Subsequently, on an outpatient basis, the target range was decreased to 80-180 mg/dL, and, as the patient started feeding less frequently and began eating solid food, she started to receive insulin boluses for meals. Her A1C progressively improved to 7.7% (estimated average glucose 174 mg/dL). To date, the patient has not experienced any severe hypoglycemia, has had appropriate growth and weight gain, and has achieved ageappropriate milestones.
Discussion
The patient in this case has a mutation previously described and known to cause PNDM (11) . The uniqueness of this case is the management of NDM right after diagnosis using a recently introduced first-generation artificial pancreas system. Although not FDA approved for use in patients <16 years of age, using the MiniMed 530G with Enlite sensor device was optimal in this case, allowing for delivery of the very small doses of insulin necessary to treat this infant. Using multiple daily injections (basal/ bolus therapy) typical for pediatric patients, precise delivery of insulin would have been challenging, and such a regimen would have greatly increased the risk of hypoglycemia. Before the first-generation artificial pancreas system became available, the use of diluted insulin might have been considered to minimize the risk. Using this system, we were able to rapidly increase the insulin doses as needed without the patient experiencing significant hypoglycemia.
We noticed a significant decrease in the patient's required insulin dose after starting glyburide. Since our patient has a mutation in the INS gene rather than in the ABCC8 or KCNJ11 gene, the insulin dose reduction could not be attributed to sulfonylurea. This reduction was most likely caused by recovery of endogenous insulin secretion after the glucotoxic effect on the pancreas decreased.
Detectable C-peptide at the time of diagnosis in cases of PNDM caused by INS gene mutation has been pre- m a r i n e t a l .
viously reported (12, 13) . Similar to what was previously reported in the literature (12) , at 1 year after diagnosis, the patient's fasting C-peptide was low (0.3 ng/mL [reference 1.1-4.4]).
Given the unique circumstances of the situation, PICU and floor nursing staff had to be specifically educated on this new form of SAPT with threshold suspend. One-on-one teaching, along with the provision of pump instruction manuals and 24 hour/day access to both the endocrinologists and a CDE helped the nursing staff with this new technology. Since this event, hospital policies have been updated to incorporate this new technology and to support nursing staff in their roles related to pump therapy, especially when parents have not yet been trained on pump technology, as occurred in this case.
For this patient, the pump order was initiated 2 days after diagnosis. However, in our state at the time of this event, Medicaid did not approve CGM. The new pump system presented a significant barrier in insurance approval and timely shipment of the patient's MiniMed 530G system. Ongoing team efforts with Medtronic and the state regulatory office proved successful in obtaining approval ~1 month after the initial request. This required additional clinical review, as well as direct communication with the chief medical officer at the Oklahoma Health Care authority and the senior nurse within the hospital's medical authorization unit. Additional investigation was necessary to determine a local supplier able to accept state Medicaid payment. After several unsuccessful attempts, Medtronic was able to develop a local process. The patient's personal product was received 5 months after the initial medical order.
This new, first-generation artificial pancreas system not only provided optimal pharmacological doses of insulin, but also allowed the diabetes team to make precise dose adjustments. It also allowed continuous monitoring of glucose values with threshold suspend technology, assisting in the prevention of hypoglycemia. Furthermore, this novel use of new technology allowed a safe transition from the PICU to the hospital medical-surgical unit and, ultimately, to the home environment.
